The first application of robotic technology in surgery was described in 1985 when a robot was used to define the trajectory for a stereotactic brain biopsy. Following its successful application in a variety of surgical operations, the da Vinci ® robot, the most widely used surgical robot at present, made its clinical debut in otorhinolaryngology and head and neck surgery in 2005 when the first transoral robotic surgery (TORS) resections of base of tongue neoplasms were reported. Subsequently, the indications for TORS rapidly expanded, and they now include tumours of the oropharynx, hypopharynx, parapharyngeal space, and supraglottic larynx, as well as obstructive sleep apnoea (OSA). The da Vinci ® robot has also been successfully used for scarless-in-the-neck thyroidectomy and parathyroidectomy. At present, the main barrier to the wider uptake of robotic surgery is the prohibitive cost of the da Vinci ® robotic system. Several novel, flexible surgical robots are currently being developed that are likely to not only enhance patient safety and expand current indications but also drive down costs, thus making this innovation more widely available. Future directions relate to overlay technology through augmented reality/AR that allows real-time image-guidance, miniaturisation (nanorobots), and the development of autonomous robots.
Leonardo da Vinci designed the first robot in 1495. This was a mechanical, armoured knight used for the purposes of entertaining royalty [1] . However, it was not until centuries later that robots first appeared in popular science fiction [2] . The word "robot" originates from the Czech word "robota" meaning labourer, and was first coined by the Czech writer Karel Capek in his play Rossum's Universal Robots in 1921 [3] . It was this work that first introduced the concept of robots in lay people's minds.
The most significant advances in robotic technology were attained as a result of research conducted by the US Military and the National Aeronautics and Space Administration (NASA) in the 1970s and 1980s. Their aim was to design and produce robots that could be remotely controlled (telerobotics) without requiring the presence of the surgeon or operator on the battle field or in outer space [4] . Another military robotic application includes drones, i.e., remotely controlled unmanned aircraft systems. Drones can be fitted with cameras and/or missiles, in order to carry out surveillance and/or offensive missions, respectively, in war zones located thousands of miles away without putting the "pilot" at risk [5] .
Nowadays, robots are widely incorporated in industry as well as in everyday life. Examples from industry include the automated robotic arms used in car manufacturing (MercedesBenz, Inc., Stuttgart, Germany) as well as in packaging and labeling products in factories. In everyday life, robots have been designed to assist the elderly with the activities of daily living (Kompaï ® robot, Robosoft, Bidart, France), and drones are also used for civilian purposes such as delivering commodities purchased online (Amazon.com, Inc., Seattle, WA, USA).
The use of robotic technology in surgery was first described in the 1980s. Figure 1 summarises the key surgical robots and associated operations that they facilitated, in chronological order.
In 1985, the PUMA 560 ® robot (Advance Research & Robotics, Inc., Oxford, CT, USA) was used to perform the first robotic-assisted CT-guided stereotactic brain biopsy [6] whilst in 1988, the PROBOT ® (Imperial College London, London, UK) was used to perform the first robotic-assisted transurethral resection of the prostate (TURP) [7] . Several surgical robots followed, including the ROBODOC ® (Integrated Surgical Systems, Inc., Sacramento, CA, USA), the first US FDA-approved robot for hip replacement [8] , and the ZEUS ® robotic surgical system (Computer Motion, Inc., Santa Barbara, CA, USA) used to perform the first telerobotic operation in 2001, a trans-Atlantic robotic-assisted laparoscopic cholecystectomy performed in Strasbourg, France, by a surgeon located in New York, NY, USA [9] .
In [10] . Since then, this device has essentially monopolised the robotic surgery market worldwide [11] .
The da Vinci ® surgical robot constitutes the most commercially successful robotic surgical platform to date, having sold over 5,000 units worldwide. Although originally designed for endoscopic cardiac surgery (closed-chest coronary artery bypass grafting), its main application relates to robotic prostatectomy. Following its introduction in 1997, FDA approval was obtained in 2000 [12] . It has since been used in a variety of surgical procedures, primarily relating to body cavities such as the abdomen, pelvis, and thorax, facilitating conventional laparoscopic and thoracoscopic surgery, respectively [12] .
Apart from the market monopoly achieved via the acquisition and closure of key competitors by Intuitive Surgical, Inc. as well as their intense marketing and patenting of several robotic components [13] , the reason why the da Vinci ® surgical robot has been commercially successful is due to the several advantages it offers over conventional endoscopic surgery [14] . These are summarised in Figure 2 .
Transoral Robotic Surgery
Having received FDA approval for numerous procedures in a variety of surgical specialties, including general surgery, urology, cardiothoracic surgery, and gynaecology, the da Vinci ® surgical robot made its clinical debut in otorhinolaryngology and head and neck surgery in 2005 at the University of Pennsylvania at the hands of Profs. Bert O'Malley and Gregory Weinstein [15] . This is when the term "TORS" was first coined (as an acronym for TransOral Robotic Surgery).
TORS capitalised on the presence of the oral cavity as an access point for natural orifice transluminal endoscopic surgery (NOTES), thus providing access to the pharynx, parapharyngeal space, and larynx, without the morbidity of cervical incisions or the limitations associated with previously described transoral approaches, namely transoral laser microsurgery (TLM) [16] .
Initial indications for TORS involved base of tongue neoplasms, but, with increasing experience combined with preclinical studies on animals and cadavers, these rapidly expanded [17] . Currently, TORS constitutes a valuable treatment modality for tumours of the oropharynx (including advanced oropharyngeal carcinoma) [18] , hypopharynx [19] , parapharyngeal space [20] , and supraglottic larynx [21] . More recently, it has been deployed in the management of carcinoma of unknown primary tumours [22] as well as for transoral robotic total laryngectomy [23] . In addition to malignant disease, TORS has been shown to be a valuable treatment for obstructive sleep apnoea (OSA) due to the excellent access it offers, and it represents an ideal tool for targeted multilevel surgery in patients who do not tolerate continuous positive airway pressure (CPAP) [24] [25] [26] .
In just over a decade, TORS has evolved from a proof-of-concept to a standard-of-care in high-volume robotic centres, having obtained FDA approval for both benign and malignant diseases of the head and neck in 2009 [27] . However, the evidence for TORS remains limited to case series and retrospective studies [15, 18, 20] . To address this, there are 3 multi-centre randomised controlled trials (RCTs) currently in the recruitment stage. These include the PATHOS trial for HPV-positive oropharyngeal cancer (UK), the RTOG 1221 trial for HPVnegative oropharyngeal cancer (USA), and the ORATOR study for early-stage oropharyngeal cancer (Canada).
The Future of TORS
In addition to conducting RCTs, the next step in TORS involves the development of miniaturised, flexible robots, such as the i-Snake ® (Imperial College London, London, UK) and Flex ® systems (Medrobotics ® , Raynham, MA, USA), which will be better-suited than the da Vinci ® for otorhinolaryngology and head and neck surgery [28, 29] . At the same time, multi- (Fig. 3) . Their imminent market entry will introduce much awaited competition and can be expected to drive down costs, making robotic surgical technology (including TORS) more widely affordable whilst expanding the indications to, for example, tumours involving the nasopharynx, skull base, and those located in the glottic and subglottic larynx.
There , these are nearly all single-port robotic systems. This characteristic, combined with the miniaturisation of the robotic arms, provides revolutionary anatomical access for NOTES including TORS.
The increasing demand for robotic surgery and its associated profitability, with the market worth just over USD 3 billion in 2014 and projected to exceed USD 20 billion by 2021, make it a very attractive area for investors [30] . This will ensure the development of newer, more advanced robotic systems, some of which will be designed specifically for minimally invasive head and neck surgery.
In terms of future directions, the introduction of augmented reality (AR) will facilitate image-guided TORS by providing the surgeon with real-time navigational cues and representations of key anatomical structures overlaid on the operative field. Other developments likely to follow include miniaturisation (nanorobots) and the development of autonomous surgical robots.
Robotic Thyroid Surgery
Thyroid nodules, including low-risk papillary thyroid cancer, are most commonly encountered in young women [31] . Naturally, this select patient group is the one most concerned about their cosmesis. This is more so in the Far East, where a horizontal neck scar is perceived to denote death [32] .
The above concerns led to the development of "scarless-in-the-neck" endoscopic thyroidectomy. A variety of routes have been described over the years including the infraclavicular, breast, axillary, axillo-bilateral-breast (ABBA), bilateral axillo-breast (BABA), and pastauricular and axillary (PAA) endoscopic approaches [33] . However, the multitude of endoscopic techniques trialed revealed none to be superior, as they were all characterised by the same limitations of endoscopic surgery; namely 2-dimensional (2-D) visualisation, restriction of instrument movement, the fulcrum effect, the need for CO 2 insufflation, and dependence on multiple assistants [34] .
Robotic technology, with its unique features including a dual-channel endoscope offering simultaneous image magnification and depth perception through 3-D visualisation combined with its wristed robotic instruments providing 7 degrees of freedom, has substantially enhanced surgical dexterity. Robotic surgery was originally introduced to overcome the limitations that characterise endoscopic surgery [34] .
In 2009, a report on the first large series (n = 100) of transaxillary, gasless robotic thyroidectomy was published in South Korea [35] . The procedure proved to be popular among the local population and its uptake was rapid across the Far East, with thousands of cases performed over the subsequent years [36] . However, the uptake in the western world has been significantly lower and its value often questioned [37] . Various factors have been implicated including differences in culture, anthropometry, remuneration, as well as the presence of a National Thyroid Cancer Screening Programme in South Korea which has led to earlier detection of thyroid nodules, i.e., when they are much smaller (often < 1 cm) and thus easier to resect [38] .
Robotic Parathyroid Surgery
Following the wide uptake of robotic surgery by various surgical specialties and the increasing experience with endoscopic parathyroidectomy as well as robotic thyroidectomy, robotic parathyroidectomy was the natural next step [14, 38] . Robotic parathyroidectomy represents the "fourth generation" in the evolution of parathyroid surgery. The technique was first described by Tolley et al. [39] in 2011 in London, UK, and involves a scarless-in-theneck approach without the need for CO 2 insufflation.
The preliminary results were promising, demonstrating robotic parathyroidectomy to represent a safe and feasible targeted parathyroidectomy technique in carefully selected patients [39] . Subsequent studies followed to reproduce the results and prospectively compare robotic parathyroidectomy to its minimally invasive open counterpart, illustrating the superiority of the robotic approach for early cosmesis and its equivalence in terms of cure rate for primary hyperparathyroidism [40] . However, the uptake of robotic parathyroidectomy remains limited due to a number of factors, including its niche role, high cost, technical complexity, and prolonged operative time.
Conclusion
Robotic head and neck surgery has transformed, in just over a decade, the management of benign and malignant diseases of the head and neck. The traditional morbid approaches for accessing and resecting tumours of the upper aerodigestive tract are often replaced with minimally invasive surgery in the form of TORS. The development of novel, flexible, miniaturised robots is likely to further expand the indications for TORS to tumours involving the nasopharynx and skull base as well as those located in the glottic and subglottic larynx, at the same time driving down costs as a result of market competition.
